In many plants, including orchids, differential fruit set along the inflorescence has been attributed to pollinator behaviour. For instance, the pollinator, moving up the inflorescence, becomes satiated with the resources and leaves before visiting the upper flowers. Consequently, the pollinators do not visit flowers as frequently higher up the inflorescence. Alternatively, flower size may vary along the inflorescence, making pollination ineffective as flowers decrease in size. I tested for the presence of differential pollination along the inflorescence in a pollinator-limited tropical epiphyte, Lepanthes rupestris Stimson, and determined the likely cause of the observed pattern. As this species has inflorescences with sequential flowering, pollinator behaviour, moving up the inflorescence as in synchronous multiflowering inflorescences, can be discounted as an explanation for differential fruit set. Fruit set is shown to be more frequent at the base of the inflorescence, but male reproductive success through pollinarium removal is basically independent of flower position. Moreover, cross-pollination by hand at variable flower positions along the inflorescence results in equal fruit set, suggesting that resources are not limiting and cannot explain the cause of differential fruit production along the inflorescence in natural populations. Furthermore, flower size is shown to diminish along the inflorescence, suggesting that the pollinator(s) may be ineffective at depositing the pollinarium in the smaller higher flowers. Consequently, pollinator behaviour and its interaction with flower size, and not resource limitation, is likely to be the main cause of differential fruit set along the inflorescence in L. rupestris .
INTRODUCTION
Fruit set variation with inflorescence position is a common pattern in many plant species. This phenomenon has been generally explained in terms of competition for resources among developing ovaries (Lee, 1988) . Basal, early initiated fruits may pre-empt resources that could otherwise be allocated to distal fruits (Stephenson, 1981; Bawa & Webb, 1984) . Thus, in resource-limited species, position-dependent fruit set is a consequence of differential flowering events or fruit abortion. Orchids, however, are largely pollinator limited (Tremblay et al ., 2005) and the same pattern of higher basal fruit set seems to be the result of differential pollination along the inflorescence.
Differential pollination in orchids has usually been attributed specifically to pollinator behaviour. For example, in all reported cases, fruit set was higher towards the bottom of the inflorescence and decreased steadily towards the top (Nilsson, 1980 (Nilsson, , 1983 (Nilsson, , 1984 Cole & Firmage, 1984; Berry & Calvo, 1991) . In Orchis morio L. ( Anacamptis morio (L.) R.M. Bateman, Pridgeon & M. W. Chase), O. mascula L., and Dactylorhiza sambucina (L.) Soó, which are nectarless orchids with acropetal floral development (base to apex sequential flower development), the decrease in fruit set along the inflorescence can be dramatic. The fruit set of top flowers can be 90% lower than that of bottom flowers (Nilsson, 1978 (Nilsson, , 1980 (Nilsson, , 1983 (Nilsson, , 1984 . This pattern may result from the typical foraging behaviour of their bumblebee pollinators, which tend to move upwards along the inflorescence to forage for nectar (Best & Bierzychudek, 1982; Catling, 1983) , and may leave the inflorescence after unsuccessfully or unsatisfactorily probing a few flowers, thus resulting in reduced pollination of flowers located towards the top (Nilsson, 1980 (Nilsson, , 1983 . It is suggested that pollinators realize that they are duped after a number of unsuccessful attempts and stop visiting later flowers. This explanation could possibly explain the pattern in many deceptively pollinated species.
A unique situation was described for the high-altitude Andean orchid, Myrosmodes cochleare Garay (Berry & Calvo, 1991) . As in other orchids, fruit set decreased markedly towards the top of the inflorescence but, in this case, flowers open in a basipetal sequence (i.e. top flowers open first) and flower size increases steadily from the top to the bottom of the inflorescence. Controlled pollinations revealed that the ability to set fruit decreased monotonically from the bottom to the top, and appeared to be associated with the change in flower size. This pattern could be attributed to resource limitation.
In the epiphytic orchid, Lepanthes rupestris , and all other species of the genus (approximately 800 species), the flowers open consecutively in an acropetal sequence. The inflorescences are long lasting and can produce more than 40 flowers (over a year of reproductive effort). Furthermore, there are rarely ( < 1%) two or more flowers open at the same time on the same inflorescence. Consequently, because flowers are rarely open at the same time, if differential pollination success along the inflorescence is observed, it cannot be attributed to the traditional pollinator foraging pattern of moving up the inflorescence and the consequent satiation or learning behaviour of the vector.
Data were collected to determine whether male (pollinarium removal) and female (fruit set) reproductive success was equal at varying flower positions along the inflorescence in situ . To determine whether resource availability for fruit production along the inflorescence was equal, flowers were cross-pollinated by hand at varying positions ex situ . Furthermore, flower size characteristics were measured to determine whether flower size varies along the inflorescence.
MATERIAL AND METHODS E FFECT OF FLORAL POSITION ON THE INFLORESCENCE
One hundred individuals of L. rupestris from one population from Quebrada Grande in the municipality of Rio Grande in Puerto Rico were sampled every 3-4 weeks from July 1993 to July 1994. Flower position, pollinarium removal, and fruit position on the inflorescence were noted. At any given time, a mixture of active inflorescences is present in the population: some with bottom, middle, or open top flowers on inflorescences. The commencement of inflorescence production is not limited to a specific time of year. The percentage pollinarium removal was estimated as the number of flowers with observed pollinarium removed divided by the total number of flowers examined for each flower position on the inflorescence. The percentage fruit set was estimated as the total number of fruits divided by the total number of flowers at each position. The sample period was such that no fruits produced would be missed (fruits last from 6 to 8 weeks before abscission). Consequently, all fruits produced within that period were observed. The flowers are probably pollinated through pseudocopulation by black-winged fungus gnats, but this has only been reported from one species of the genus (Blanco & Barboza, 2005) . The male gnats are the only visitors to the flower; they curl their abdomen under the labellum and grab the floral appendix with the genital claspers; at this point, the fly dismounts the flower whilst still attached to the appendix and turns to face in the opposite direction; the pollinarium then attaches to the abdomen, apparently replicating the copulatory behaviour of the fungus gnat with its females (Blanco & Barboza, 2005) .
To determine whether male and female reproductive success was dependent on flower position, the mean reproductive success was used in regression analyses to show the general pattern. The relationship between flower position and reproductive success was tested with logistic regression. Pollinarium removal (removed or present) and fruit set (present or absent) at a specific floral position were used as nominal values and flower position as a continuous variable. The odds ratio measures how the fitted probability is multiplied as the regressor changes from its minimum to its maximum; if the odds ratio is equal to unity, there is no effect of the change in flower position on reproductive success (Hosmer & Lemeshow, 1989 ).
H AND POLLINATION AND FRUIT SET ALONG THE INFLORESCENCE
A total of 401 cross-pollinations by hand ex situ was performed on 72 plants at varying positions along the inflorescence. Plants were collected from various sites in Puerto Rico and were laboratory grown in a Wardian Case (Orchidarium Inc.) at a constant range of temperature and humidity (65-80 ° C, 45-100% humidity) which approximates natural conditions, a 13-h day (Fernández et al ., 2003) . Each plant was mounted individually in a plastic mesh hanging bas-ket with sphagnum moss and watered on a regular basis to keep the substrate humid.
F LOWER SIZE AND INFLORESCENCE POSITION
To determine whether flower size is dependent on the position of the inflorescence, a total of 197 flowers at varying positions was selected to determine the variation in three floral characters: flower size, column length, and the length of the mid-lobe (measured as described in Tremblay, 1997) . Flower size was selected as a general measure of flower characteristics, whereas the column and mid-lobe lengths are potentially important for pollinator behaviour and effective pollination. Only one flower per plant was selected and measured with a microscope with an integrated micrometer.
RESULTS B ASIC REPRODUCTIVE SUCCESS
A total of 2733 flowers (100 plants) was produced at different positions along the inflorescences, on which 141 fruits were naturally set. This represents a 5.2% fruit set. A total of 1192 flowers was examined, 188 of which had their pollinarium removed (15.8%). Assuming that the age of the flowers observed was approximately half of their life span, we can estimate that approximately 31.5% of flowers had their pollinarium removed. Furthermore, assuming the same rate of pollinarium removal for all flowers produced throughout the sampling period, it is expected that approximately 862 pollinaria were removed from the 2733 flowers to produce 141 fruits; consequently, only 16.4% of all pollinarium removed from flowers was effectively deposited and set fruits. This also assumes that pollinarium migration and immigration among populations are equivalent or inconsequential, and that the frequency of pollinarium removal and deposition is independent of flower age.
P OLLINARIUM REMOVAL AND FLOWER POSITION
The percentage pollinarium removal (100 × number of flowers with pollinarium removed/number of flowers observed) in L. rupestris in the different positions along the inflorescence was variable (Fig. 1) .
The probability of pollinarium removal along the inflorescence using nominal logistic regression suggests that male reproductive success increases with flower position (log-likelihood = 2.97, d.f. = 1, χ 2 = 5.93, P = 0.015). However, the model explains very little of the variation ( R 2 = 0.006), with an odds ratio of 0.39 (95% confidence interval, 0.19-0.83; Fig. 1 ).
F RUIT SET AND FLOWER POSITION
The percentage fruit set along the inflorescence was not homogeneous. Fruit set was higher in the lower flower positions of the inflorescences. Fruits were never observed in positions 25 or higher on the inflorescence. If fruit set was equal along the inflorescence, 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46 we should have observed close to 13 fruits at higher flower positions of 25 and upwards (likelihood ratio, χ 2 = 28.2, P < 0.0001). The evaluation of the probability of fruit set along the inflorescence using nominal logistic regression suggests that higher flower positions have significantly lower probabilities of fruit set (log-likelihood full model = 446.4, d.f. = 1, χ 2 = 17.26, P < 0.0001). However, the model explains little of the variation ( R 2 = 0.02), with an odds ratio of 9.6 (95% confidence interval, 3.1-32.3; Fig. 2 ).
H AND POLLINATION ALONG THE INFLORESCENCE
Fruit set by cross-pollination by hand at the first 25 lower positions was 23.8% (362 hand pollinations, 86 fruits), whereas, for positions 26-36, fruit set was 10.3% (39 hand pollinations, four fruits). Fruit set by hand pollination was independent of floral positioning along the inflorescence ( χ 2 with Yates correction for continuity = 2.289, NS). Furthermore, linear regression of the percentage fruit set from hand pollinations and floral position shows no significant trends in fruit set along the inflorescence ( Y = 15.89 − 9.53 x ; F 1,53 = 82.2; R 2 = 0.024; NS). 
DISCUSSION
Because flowers open consecutively and rarely overlap, the advantage of lower flowers for fruit production cannot be attributed to pollinator choice between flowers in a lower or higher position on a single inflorescence. Firstly, the hypothesis that resources constrain fruit set (the ability to move resources along the inflorescence), as one of the possible explanations, is not substantiated, as hand pollination at higher flower positions along the inflorescence results in equal fruit set. However, because of the reduced sample size of hand pollinations at a higher floral position, the lack of significance may be a result of the inability to detect differences, and a type II error is possible. Moreover, to make resource limitation irrelevant in this experimental environment, this interpretation assumes that environmental conditions in the laboratory were not significantly different from those of natural populations. Secondly, the size of flowers along the inflorescence changes and pollinarium deposition may be hampered by flower size. Thirdly, a very small increase in pollinarium removal among flowers at a higher position was noted along the inflorescence. However, it is debatable whether this statistically sig- nificant increase has any true biological effect considering the small correlation coefficient (r 2 = 0.006); the ability to reject the null hypothesis from such a small r 2 is probably an artefact of the large sample size available in this analysis. The size of the still unknown pollinator of L. rupestris and its predicted pseudocopulation mechanism of pollination may make the deposition of pollinarium ineffective when flowers are small. The flower size differences along the inflorescence may be governed by allometric constraints that affect pollinarium deposition but not pollinarium removal. Consequently, the differential fruit set along the inflorescence could be a result of the inability of flowers to receive the pollinarium onto the stigma in flowers higher up the inflorescence. Unfortunately, it is not possible to investigate this hypothesis in this species: the flowers are too small and the pollinarium is the same colour as the stigma, making it difficult to observe pollinarium deposition in the field. Nevertheless, this hypothesis could be tested in L. glicensteinii Luer in which pollinarium deposition is visible (Blanco & Barboza, 2005) . As fruit set by hand pollination along the inflorescence is constant, pollinarium deposition is interpreted as the limiting factor.
If there is a cost for producing fruits, it may be beneficial to produce many flowers that behave as males, even if most pollinaria removed are lost (> 80% in this species), because the cost of reproduction (when successful) could be borne by another individual, but the evolutionary benefit of reproduction through male or female function is equal. In other species in this genus, L. eltoroensis Stimson and L. sanguinea Hook., plants that have fruits stop producing new flowers (my unpubl. data), suggesting that resources are shunted to the fruit; this behaviour was not noted in L. rupestris. Then again, both L. eltoroensis and L. sanguinea are much smaller in size and are found under lower light conditions. In almost all orchids studied, the cost of reproduction affects the reproductive potential in the next season and not within a season (for an extensive review, see Tremblay et al., 2005) .
SPECULATION ON POLLINATOR BEHAVIOUR AND REPRODUCTIVE SUCCESS
The recent discovery of the mechanism of pollination of Lepanthes by fungus gnats by Blanco & Barboza (2005) opens up the possibility to speculate on the pollinator-plant interaction in conjunction with the observed pattern of fruit set and pollinarium removal along the inflorescence. The fungus gnats are probably sensitive to the size of the column, as the gnats need to clasp onto the mid-lobe (Blanco & Barboza, 2005) , and not all attempts at clasping the mid-lobe are successful (Blanco & Barboza, 2005) . As the fungus gnats clasp onto the mid-lobe whilst mounted onto the column, an excessively long column will probably make it difficult to grab the mid-lobe. Thus, it is likely that there would be high selection against an excessively long column, and thus selection on the lower flowers for limited size.
Removal of the pollinarium apparently occurs with the gnat in a tail-to-tail position after dismounting the flower whilst attached to the mid-lobe by contortion of its body and facing away from the flower. In this position, the pollen masses would be deposited on the upper part of the abdomen. It is likely that flower size and column length have little effect on pollinarium removal because the pollinarium could be deposited at many different positions on the abdomen. A scenario can be perceived to explain why pollinarium deposition is likely to be highly affected by flower size. If the pollinator visits the typical flower sizes (low to medium position on the inflorescence), the pollinarium may be in a position on the abdomen that makes it difficult to transfer it onto the stigma of the smaller flowers. It is possible that the pollen masses would be positioned too high up on the abdomen of the pollinator to effectively be in contact with the stigmatic surface of the small flowers. Thus, as few small flowers are present in a population, the likelihood of a fungus gnat visiting two small flowers is low (one for pollinarium removal, one for pollinarium deposition; flowers are self-incompatible); this may explain why fruit set at a higher flower position is not seen, even though fruits can be produced by these flowers.
In L. rupestris, differential fruit set along the inflorescence is a result of the flower size reduction of upper flowers and the inability of the pollinator to deposit the pollinarium onto the stigma of smaller flowers, and not to differences in visitation rate, limited resources or the ability to allocate resources to distal flowers.
